Optical sensors are a promising approach for assessing nitrogen (N) status of vegetable crops. However, their potential may be undermined if time of day influences measurements. This study evaluated the effects of time of day and N addition on measurements, made with two chlorophyll meters, SPAD-502 and MC-100, and two active canopy reflectance sensors, GreenSeeker handheld and Crop Circle ACS-470. Three treatments (N1, deficient, N2, conventional, and N3, excessive N application) of N concentration in the nutrient solution were applied by fertigation throughout a sweet pepper crop grown in soil in a greenhouse. Time of day of 12:00 and 15:00 h had an effect on measurements made with the SPAD-502, but only in the N1 treatment, suggesting that the effects of time of day were related to crop N status. This effect was slight, being 1.7 ± 0.02 SPAD units lower at 12:00 and 15:00 h compared to at 9:00 h (relative decrease of 3.6%). For the MC-100, a slight increase in Chlorophyll Content Index (CCI) values of 3.3 ± 0.1 units (relative increase of 6.3%) was observed at 15:00 and 18:00 h, relative to CCI values at 9:00 h, regardless of N treatment. The time of day effect on chlorophyll meters appears to be negligible in relation to the wide range of values measured in greenhouse-grown sweet pepper. Normalized Difference Vegetation Index, measured both with the GreenSeeker and Crop Circle, and Green Normalized Difference Vegetation Index, measured with the Crop Circle, were not affected by time of day in any of the N treatments, showing that these sensors and indices can be used with confidence at any time of the day.
Introduction
Nitrogen (N) fertilizer is applied in large amounts in vegetable production to ensure high yields (Meisinger et al. 2008; Neeteson 1994) . Generally, only a minor part of applied N is recovered by crops, and the excess N is susceptible to loss to the environment where it is associated with various environmental problems (Cameron et al. 2013; Padilla et al. 2018b; Soto et al. 2015) . Optimal N fertilization of vegetable crops, in respect to both quantity and timing, would benefit appreciably from accurate assessment of crop N status (Thompson et al. 2017) . Traditional approaches to vegetable crop N management have been fertilizer recommendation schemes based on soil, and also on plant analysis (Fox and Walthall 2008; Schröder et al. 2000 ; Thompson et al. 2017) . While these procedures are useful, the analyses are time-consuming, and commonly the time to obtain laboratory results prevents timely adjustments of fertilizer applications (Gianquinto et al. 2011a, b) .
Proximal optical sensors are a promising approach for rapid and periodic assessment of crop N status (Padilla et al. 2018c; Usha and Singh 2013) . Proximal optical sensors are a form of sensing in which the sensors are positioned either in contact with or close to the crop (Padilla et al. 2018c ; Thompson et al. 2017) . They can be used any time during the growth cycle or at certain phenological stages on commercial farms, require limited labor, and can be integrated with fertilizer decision making procedures (Gianquinto et al. 2011a, b) . Optical sensors do not directly measure the N content in plant tissue, but provide assessment of either (a) indicator compounds, such as measurement with chlorophyll meters, or (b) indices of radiation characteristics, such as measurement with canopy reflectance sensors (Padilla et al. 2018c; Samborski et al. 2009 ). Both types of assessment are sensitive to crop N status (Fox and Walthall 2008; Samborski et al. 2009; Tremblay et al. 2012) .
Chlorophyll meters indirectly estimate relative chlorophyll content per unit of leaf surface area (Monje and Bugbee 1992; Padilla et al. 2018a, c) . All chlorophyll meters are generally easy to use, do not require any specific training of users, and make measurements very rapidly with very little data processing (Gianquinto et al. 2004) . Given their ease of use, small size and relatively low cost, chlorophyll meters are very well-suited for on-farm use to provide rapid assessment of vegetable crop N status (Padilla et al. 2018c ). However, given the relatively small sampling area, appreciable repetition and strict sampling protocols have been developed for their practical use (Gianquinto et al. 2011b; Padilla et al. 2015; Samborski et al. 2009 ).
Canopy reflectance sensors provide information on crop N status by measuring specific wavelengths of radiation absorbed and reflected from crop foliage (Hatfield et al. 2008; Ollinger 2011; Peñuelas et al. 1994) . Being proximal optical sensors, they are positioned relatively close to the crop, e.g. 0.4-3.0 m from the crop canopy (Padilla et al. 2018c ). The wavelengths used commonly correspond to four narrow bands centered around 675 nm (maximum absorption of red), 905 nm (maximum reflection of near infrared (NIR)), 720 nm (mid portion of the red-edge range), and 550 nm (maximum reflectance of green) (Gianquinto et al. 2011a, b; Read et al. 2002; Thenkabail et al. 2002) . To increase the sensitivity to specific biophysical characteristics and reduce variability, spectral vegetation indices combining spectral reflectance from 2 to 3 wavelengths are commonly used (Bannari et al. 1995; Scotford and Miller 2005) . Canopy reflectance sensors are classified as passive or active sensors depending on whether they have their own light source. For passive reflectance sensors, uniform irradiance conditions are highly recommended (Oliveira and Scharf 2014) . An intended advantage of active reflectance sensors is that there may be no special requirement for uniform irradiance conditions (Solari et al. 2008) .
The use of absolute sufficiency values for chlorophyll meters measurements (Gianquinto et al. 2004 (Gianquinto et al. , 2006 Güler et al. 2006; Padilla et al. 2015 Padilla et al. , 2017a and of vegetation indices, measured with canopy reflectance sensors (Padilla et al. , 2017b , have been proposed as practical procedures to assist with N management of vegetable crops (Padilla et al. 2018c; Thompson et al. 2017 ). However, the potential value of absolute sufficiency values for crop N management may be reduced if environmental conditions influence measured values (Thompson et al. 2017) . Practical use of optical sensors to assist with N fertilization requires that measurements are precise and reproducible throughout the day regardless of environmental conditions (Martínez and Guiamet 2004; Oliveira and Scharf 2014) .
Time of day and underlying changes in solar irradiance can influence chlorophyll meter measurements (Hoel and Solhaug 1998; Martínez and Guiamet 2004; Xiong et al. 2015) . Higher values of chlorophyll meters have been measured at lower irradiance conditions, in winter wheat (Hoel and Solhaug 1998; Martínez and Guiamet 2004) , rice (Xiong et al. 2015) , tobacco (Nauš et al. 2010 ) and soybean (Xiong et al. 2015) . The influence of irradiance on chlorophyll meter measurements may be species-specific, depending on species adaptation to high irradiance (Mamrutha et al. 2017) . For instance, measurements of various chlorophyll meters were not significantly influenced by diurnal variation in irradiance in six spring wheat genotypes (Mamrutha et al. 2017) .
Active canopy reflectance sensors are intended to be able to measure at any time of day regardless of variations in solar irradiance (Fitzgerald 2010; Kipp et al. 2014; Solari et al. 2008 ). However, there are studies indicating that active sensors can be influenced by the time of day (Kim et al. 2012; Oliveira and Scharf 2014; Teixeira Crusiol et al. 2017) . Lower NDVI values were reported at solar noon, compared to early morning or late in the day, in soybean (Teixeira Crusiol et al. 2017) , turfgrass (Kim et al. 2012 ) and cotton (Oliveira and Scharf 2014) .
Standardization of time of day and irradiance conditions when making optical sensor measurements is recommended for comparison of sequences on a given crop (Padilla et al. 2018c) . The general recommendation is for optical sensor measurements to be made at the same time of day under clear skies (Gianquinto et al. 2004) . In commercial farming, restricting measurements, to such conditions, would be practically difficult where farm work has to be scheduled considering numerous management activities. For the practical use of optical sensors, it is necessary to understand the influence of time of day on optical sensor measurement.
The establishment within a crop of a well-fertilized plot without N limitations, usually called the reference plot, has been widely suggested as a way to reduce time of day effects on sensor measurements (Holland and Schepers 2013; Zhu et al. 2011) . In this approach, optical sensor measurements made in the crop are divided by measurements taken in the reference plot, the result being called Nitrogen Sufficiency Index (NSI) (Debaeke et al. 2006; Piekielek et al. 1995) . The influence of factors other than N on optical sensor measurements are minimized as effects will be very similar in both the measured crop and the reference plot. However, the use of reference plots in fertigated horticultural crops is impractical for technical reasons (Padilla et al. 2018c) , and nearly all studies with optical sensors in fertigated vegetable crops have used absolute values (Padilla et al. 2018c) .
The objectives of this study were to assess the effects of time of day on measurements of chlorophyll meters and active canopy reflectance sensors. Sweet pepper was chosen because of its high chlorophyll content (Parry et al. 2014 ) ensuring a wide range of measurement values.
Three treatments of increasing N concentration in the nutrient solution were applied throughout the crop by fertigation. There was a very deficient N treatment, a conventional N management treatment, that was regarded as being close to optimal, and a very excessive N treatment.
Materials and methods

Experimental site
A sweet pepper (Capsicum annuum 'Melchor') crop was grown in soil in a plastic greenhouse. The experimental work was conducted at the Experimental Station of the University of Almeria (SE Spain, 36°51′N, 2°16′W and 92 m elevation). The greenhouse had polycarbonate walls and a roof of low density polyethylene (LDPE) tri-laminated film (200 µm thickness) with transmittance to photosynthetically active radiation (PAR) of approximately 60%. It had no heating or artificial light, had passive ventilation (lateral side panels and flap roof windows), and an east-west orientation, with crop rows aligned north-south. The cropping area was 1300 m 2 .
The soil was an artificial layered "enarenado" soil (Thompson et al. 2007 ), consisting of a 300 mm layer of imported silty loam texture soil placed over the original loam soil and a 100 mm layer of fine gravel (mostly 2-5 mm diameter) placed on the imported soil as a mulch. At greenhouse construction in July 2007, 200 m 3 ha −1 of sheep manure (63% dry matter, 1.7% total N content and 0.7 t m −3 density) was mixed into the top layer of the imported soil, prior to adding the gravel layer, consistent with established local practice (Thompson et al. 2007 ).
Above-ground drip irrigation was used for combined irrigation and mineral fertilizer application. Drip tape was arranged in paired lines with 0.8 m spacing between lines within each pair, 1.2 m spacing between adjacent pairs of lines, and 0.5 m spacing between drip emitters within drip lines, giving an emitter density of 2 emitters m −2 . The emitters had a discharge rate of 3 L h −1 .
The greenhouse was organized into a total of 24 plots, measuring 6 m × 6 m; 12 plots were used in the current study. There were three N treatments with four replicate plots per treatment, arranged in a randomized block design. Each plot contained three paired lines of plants (six lines of plants in total), with 12 plants in each line with a 0.5 m spacing. Separation between the two lines that made the paired line of plants was 0.8 m, and separation between two paired lines was 1.2 m. One plant was positioned 60 mm from and immediately adjacent to each dripper, giving a plant density of 2 plants m −2 and 72 plants per replicate plot. The greenhouse was divided longitudinally into northern and southern plots by a 2 m wide path along its east-west axis; there were two complete blocks in each of the northern and southern side of the greenhouse. There were border areas along the edges of the greenhouse.
Sweet pepper crop
The sweet pepper crop was grown with a summer-winter growing cycle in 2017-2018. The crop was grown from transplanted five-week-old seedlings, from 21 July 2017 to 20 February 2018 (cropping period of 214 days).
There were three treatments of different N concentration in the nutrient solution, applied by fertigation, that commenced 10 days after transplant (DAT). The treatments were applied in every irrigation throughout the crop. The N treatments were very N deficient (N1), conventional N management (N2), and very excessive N (N3), according to the N concentration in the applied nutrient solution. The average applied N concentrations in N1, N2 and N3 treatments during the crop were 2.0, 9.7 and 17.1 mmol N L −1 , respectively. Considering the total irrigation volume per treatment, the total applied N amounts in N1, N2 and N3 treatments were 86, 519 and 1198 kg N ha −1 , respectively. Other than N, complete nutrient solutions were applied to all three treatments to ensure that the other macro, secondary and micro-nutrients were not limiting. For all treatments, most N was applied as nitrate (NO 3 − ), the rest as ammonium (NH 4 + ). Plants were managed following local practice. The crop was physically supported using a system of nylon cords placed vertically and horizontally along the side of the crop. Irrigation was scheduled to maintain soil matric potential (SMP) in the root zone, at 120 mm depth, within − 15 to − 25 kPa; one tensiometer (Irrometer, Co., Riverside, Ca, USA) per plot was used to measure SMP. High temperature within the greenhouse was controlled by white-washing the plastic cladding with a CaCO 3 suspension, 8 days before transplanting (0.5 kg L −1 ) and 34 days after transplanting (0.40 kg L −1 ). The white-washing was removed 68 days after transplanting.
Optical sensor measurements
Optical sensor measurements commenced on 27 September 2017 and were repeated every 17 days, on average, throughout most of the crop, until 12 January 2018, for a total of six measurement dates: 27 September (68 DAT), 10 October (81 DAT), 26 October (97 DAT), 9 November (111 DAT), 5 December (137 DAT) and 12 January (175 DAT). Optical sensor measurements were made, each day of measurement, at 9:00, 12:00, 15:00 and 18:00 h solar time; these times are hereafter referred to as early morning, midday, afternoon and evening, respectively.
Measurements of relative chlorophyll content were made with two leaf-clip chlorophyll meters, the SPAD-502 meter (Konica Minolta, Inc., Tokyo, Japan) and the MC-100 Chlorophyll Concentration Meter (Apogee Instruments, Inc., Logan, UT, USA). The measurement areas of each meter were 6 mm 2 for the SPAD-502 and 63.6 mm 2 for the MC-100. The two meters determine the relative content of chlorophyll by measuring light absorbance in the red and NIR; the SPAD-502 measures absorbance at 650 nm (red) and 940 nm (NIR), and the MC-100 at 653 nm and 931 nm. Using the two absorbance values, the meters calculate a dimensionless numerical value which is related to the chlorophyll content (Padilla et al. 2018a ). The equations employed by SPAD-502 meter to calculate the numerical value are confidential (Parry et al. 2014) . The MC-100 calculates a ratio between transmission of radiation at 931 nm divided by transmission of radiation at 653 nm, the result being called the Chlorophyll Content Index (CCI). Measurement output for the SPAD-502 meter are SPAD units and for the MC-100 meter are CCI values.
Individual measurements with each meter were made on eight different plants in each of the four replicate plots of the three N treatments. These plants were located in the two central lines of plants in each plot; four plants were measured per line. One measurement per plant was made on the most recently fully expanded and well-lit leaf, on the distal part of the adaxial (top) side of the leaf, midway between the margin and the mid-rib of the leaf. Leaves with physical damage or with condensed water were not measured, alternative plants were selected.
Measurements of crop canopy reflectance were made with the GreenSeeker handheld sensor (Trimble Navigation Limited, Sunnyvale, CA, USA) and the Crop Circle ACS-470 sensor (Holland Scientific, Inc., Lincoln, NE, USA) . These are active canopy reflectance sensor fitted with their own polychromatic light sources (Solari et al. 2008 ). Both sensors were held vertically parallel to the crop rows, having a side view of the upper part of the foliage. The sensors were positioned so that the top of the field of view was level with the most recently fully expanded leaf. Measurements commenced once the crop had sufficient height to avoid sensing of soil reflectance, considering the field of view of each sensor.
Measurements with the GreenSeeker handheld sensor were made at 600 mm horizontal distance, giving an oval field of view with a height of ≈ 250 mm. One-shot measurements per plant were made by placing the sensor in front of each of eight plants in each replicate plot, the four plants were in each of the two inner lines of plants in each plot. The value for each plot was the average of the eight measurements. This sensor calculates the Normalized Difference Vegetation Index (NDVI; Table 1) by measuring crop reflectance at two wavelengths, 780 nm (NIR) and 660 nm (red).
Canopy reflectance measurements with the Crop Circle ACS-470 sensor were made at a 450 mm horizontal distance, giving a field of view of ≈ 260 (vertical) × 50 (horizontal) mm. In each measurement, two passes consisting of a 4 m pass in each of the two inner lines of plants were made at walking speed (approx. at 1.5 km h −1 ). Ten measurements were made per second, giving approximately 200 individual measurements per plot. The filters selected to measure reflectance were 550 nm (green), 670 nm (red) and 760 nm (NIR). Reflectance data of each wavelength were stored in a portable GeoScout GLS-400 datalogger (Holland Scientific, Inc.) and subsequently processed. From each individual measurement, vegetation indices were calculated based on the reflectance of each wavelength (Table 1) ; the values of the vegetation index for individual measurements were averaged to provide an average vegetation index value for each replicate plot.
Air temperature, solar radiation and photosynthetically active radiation (PAR)
Air temperature in the greenhouse was measured with a ventilated aspirated psychrometer (model 1.1130, Thies Clima, Göttingen, Germany) and solar radiation with a pyranometer (model SKS 1110, Skye Instruments, Llandrindod Wells, Wales, UK). Both devices were placed in a shadow-free location of the greenhouse over the crop canopy. All data were recorded and stored using a data logger (CR10X, Campbell Scientific, Inc., Logan, UT, USA).
The photosynthetically active radiation (PAR) over the crop canopy was measured at the time of optical sensor measurements, using a linear quantum sensor (model LP-80, Decagon Devices, Inc., Pullman, WA, USA). Each PAR value consisted of the Sellers (1985) Green normalized difference vegetation index GNDVI NIR−Green NIR+Green Gitelson et al. (1996) Red ratio vegetation index RVI NIR Red Birth and McVey (1968) Green ratio vegetation index GVI average of two measurements, taken at the beginning and at the end of optical sensor measurements each time. Measurements were made by placing the linear quantum sensor horizontally over a line of plants located in the center of each replicate plot per treatment.
Data analysis and statistics
Exploratory repeated-measure analysis of variance (RM-ANOVA) were conducted to test the effect of time of day (9:00, 12:00, 15:00 and 18:00 h), N treatment (N1, N2 and N3), date of measurement (68, 81, 97, 111, 137 and 175 DAT) , and their two-and three-term interactions, on optical sensor measurements, using date of measurement as a within-subjects factor, and time of day, N treatment and block as between-subjects factors (Tables S1 and S2). The results of these analyses showed that the threeterm Nitrogen x Time x Date interaction was not significant at P ≥ 0.68 for all optical sensor measurements (Tables S1 and S2), and the two-term Time x Date interaction was not significant at P ≥ 0.39 for all optical sensor measurements but RVI (Tables S1 and S2). These generally not significant two-and three-term interactions showed that the effects of time of day on optical sensor measurements were independent of the date of measurement. Given these results, and to provide a clear representation of the data, integrated values of optical sensor measurements, which integrated data from the six measurement dates into a unique value, were calculated following Padilla et al. (2017b) . Integrated values (IV) of PAR and optical sensor data, for the six sampling dates, were obtained by calculating a weighted average value for each replicate plot, for each time of day. The IV was calculated as an average of the individual values (iv) of each measurement date pondered by the time elapsed between two consecutive measurements (Padilla et al. 2017b) , as:
where iv m was the individual value at each date of measurement m, d m was the number of days since the previous measurement, and D was the total number of days from first to last measurement. On the first date of measurement, when there was no preceding measurement, a seventeen-day interval was assumed because that was the average frequency throughout most of the crop.
To represent the variation in PAR and optical sensor measurements during the day, the relative changes in measurements made at 12:00, 15:00 and 18:00 h to those made at 9:00 h were calculated as percentages.
Significant effects of time of day (9:00, 12:00, 15:00 and 18:00 h) and N treatment (N1, N2 and N3), and their interaction, on integrated PAR and integrated optical sensor measurements were evaluated by RM-ANOVA, using time of day as a within-subjects factor, and N treatment and block as between-subjects factors.
When necessary to meet the homoscedasticity assumption of ANOVA, transformed values were used. The statistical package IBM SPSS 22 (IBM Corporation, Armonk, NY, USA) was used. Significant differences were considered to occur at P < 0.05, followed by LSD pair-wise comparison tests.
(1)
Results
Temperature, solar radiation and PAR
On most measurement dates, solar radiation in the greenhouse increased to maximum values at 14:00-15:00 h, and then rapidly declined to negligible or small values by 18:00 ( Fig. 1) . During the daylight period, on all measurement dates, air temperature in the greenhouse, increased to maximum values at 12:00-15:00 h, after which it generally declined appreciably (Fig. 1) . During the daylight period, integrated PAR significantly increased (RM-ANOVA Time F = 325.9, P < 0.001) reaching a maximum value at 15:00 h (Fig. 2) . Integrated PAR at 18:00 h was not statistically different to that at 9:00 (Fig. 2) . Similar integrated PAR levels were measured regardless of N treatment (RM-ANOVA N F = 1.3, P = 0.333).
Effect of nitrogen on chlorophyll meter and canopy reflectance measurements
Measurements of both chlorophyll meters were very significantly affected by N treatment (RM-ANOVA N , P < 0.001), regardless of time of day (RM-ANOVA Time × N , P > 0.09 for both meters). Chlorophyll meter measurements significantly increased with N addition; there were very significant differences from N1 to N2 treatments, and significant differences between the N2 and N3 treatments (Fig. 3) .
Nitrogen treatment had a very strong effect on (a) NDVI values, measured with both the GreenSeeker handheld sensor (Fig. 4a ) and the Crop Circle ACS-470 sensor (Fig. 4b) , and (b) values of three other vegetation indices measured with the Crop Circle sensor, i.e. GNDVI, RVI and GVI ( Fig. 4c-e ). This N effect (RM-ANOVA N , P < 0.001 in all vegetation indices) occurred regardless of the time of day (RM-ANOVA Time × N , P > 0.05 in all vegetation indices). Values of all four vegetation indices increased significantly (P < 0.05 in all cases) with N addition from the N1 to N2 and N3 treatments. This effect was consistent for all four times of day (Fig. 4 ).
Effect of time of day on chlorophyll meters
With the SPAD-502 meter, there was a significant Time x Nitrogen interaction ( Table 2) , indicating that time of day had a significant effect on SPAD-502 measurements depending on the N treatment. In the N1 treatment, SPAD-502 values were significantly lower at 12:00 and 15:00 h than at 9:00 h, while SPAD-502 values at 18:00 h were statistically 1 3 comparable to those at 9:00 h (Fig. 5a ). The reduction of SPAD-502 values at 12:00 and 15:00 h was, on average, 3.62 ± 0.03% relative to SPAD values at 9:00 h; this percentage corresponded to a decrease in absolute SPAD-502 values that was, on average, 1.67 ± 0.02 SPAD units. In the N2 and N3 treatments, SPAD-502 values did not change significantly during the day (Fig. 5a ).
With the MC-100 meter, CCI values changed statistically during the day, regardless of the N treatment (RM-ANOVAT Time × N P = 0.189; Table 2 ). On average, CCI values were significantly higher at 15:00 (6.1%) and 18:00 (6.4%) hours than CCI values measured at 9:00 h (Fig. 5b) , for the three N treatments. The increase in CCI values at 15:00 and 18:00 h corresponded to an absolute increase in CCI values of 3.2 and 3.5 units, respectively, relative to measurements at 9:00 h. CCI values measured at 12:00 were statistically comparable to those at 9:00 h (Fig. 5b ).
Effect of time of day on canopy reflectance sensors
Values of NDVI, measured both with the GreenSeeker handheld sensor and the Crop Circle ACS-470 sensor, and of GNDVI and GVI, measured with the Crop Circle sensor ( Fig. 6 ), were not affected by time of day (RM-ANOVA Time P > 0.1 in all cases; Table 3 ). However, for GVI, the time of the day effect was marginal at P = 0.057 (Table 3 ). There was no interaction between time of day and N treatment in NDVI, GNDVI and GVI (P > 0.1 in all cases; Table 3 ). Values of RVI, measured with the Crop Circle ACS-470 sensor, statistically changed during the day depending on N treatment (RM-ANOVA Time × N P = 0.008; Table 3 ). In the N1 treatment, RVI values at 18:00 h were significantly 4.6% less than values at 9:00 h (Fig. 6d ). This percentage corresponded to an absolute decrease in RVI values of 0.32 units. RVI values measured at 12:00 and 15:00 h were statistically comparable to RVI values at 9:00 h. In the N3 treatment, RVI values at 12:00 and 18:00 h were significantly 4.0 and 5.8% higher, respectively, than RVI values measured at 9:00 h. These percentages corresponded to an increase in absolute RVI values of 0.47 and 0.68 units, respectively. RVI values (Fig. 6d ). In the N2 treatment, there was no significant variation of RVI values during the day (Fig. 6d ).
Discussion
Effect of nitrogen on chlorophyll meter and canopy reflectance measurements
Measurements of both chlorophyll meters, the SPAD-502 and MC-100, and the vegetation indices measured with the GreenSeeker handheld sensor (i.e. NDVI) and the Crop Circle ACS-470 sensor (i.e. NDVI, GNDVI, RVI and GVI), were all responsive to N treatments in sweet pepper. All chlorophyll meter measurements and vegetation indices increased with N addition and were significantly different between the three N treatments. These observations demonstrate that the two chlorophyll meters and two reflectance sensors can be used to differentiate very different N nutrition in sweet pepper, such as the very excessive N treatment (N3) from the conventional N treatment (N2). This is notable, because proximal optical sensors have been reported to lose sensitivity and have a tendency for saturation responses under conditions of high N application (Padilla et al. 2018a, c; Thompson et al. 2017) .
The results of this study with sweet pepper are in agreement with numerous studies that reported that chlorophyll meters can be used to differentiate N nutrition and to assess crop N status in vegetable crops, such as fresh tomato Wu et al. 2012) , processing tomato (Fitzgerald 2010; Gianquinto et al. 2006 ), muskmelon (Padilla et al. 2014) , cucumber (Padilla et al. 2017a ), sweet pepper (Parry et al. 2014) , and potato (Gianquinto et al. 2004; Olivier et al. 2006) . Regarding the canopy reflectance sensors, the capacity of the vegetation indices to differentiate N nutrition in sweet pepper, observed in the current study, is consistent with results with processing tomato (Gianquinto et al. 2011a ), indeterminate tomato for fresh consumption , hydroponically-grown (Yang et al. 2010 ) and soil-grown (Padilla et al. 2017b ) cucumber, and in muskmelon (Padilla et al. 2014) . 
Effect of time of day on chlorophyll meters
The present study found that measurements with the SPAD-502 meter in the N1 treatment were significantly lower at the time of maximum solar radiation and PAR, compared to early morning and evening measurements. Measurements in the evening were comparable to those made early morning, despite that the air temperature was appreciably higher in the evening (Fig. 1) . These observations suggest that solar radiation had a statistically significant effect on relative chlorophyll measurements made with the SPAD-502 meter in greenhouse-grown sweet pepper, which is consistent with previous studies (Hoel and Solhaug 1998; Martínez and Guiamet 2004; Xiong et al. 2015) . This effect is believed to be caused by modifications in chlorophyll distribution within leaves during the day which can be attributed to changes in chloroplast arrangement in response to variations in solar irradiance (Nauš et al. 2010) . Therefore, chlorophyll meter readings can be influenced by irradiance conditions before and during measurement (Hoel and Solhaug 1998; Williams et al. 2003) . Under low irradiance, most chloroplasts are positioned along the top and bottom walls of the cells, perpendicular to the incident light (face position) to maximize light absorption. When exposed to high irradiance, they are more likely to be found along the sides of the cells to prevent light damage (Nauš et al. 2010; Williams et al. 2003) . Movement to the high-irradiance position is sometimes called 'avoidance movement', because the chloroplasts move out of the most direct light, while movement to the low-irradiance position is often called 'accumulation', because chloroplasts accumulate to increase light absorption (Williams et al. 2003) .
The decline of SPAD-502 values at midday in the N1 treatment was, in absolute terms, slight, being on average 1.7 ± 0.02 SPAD units. From a practical perspective, this decline is negligible considering the range of SPAD units measured in the three N treatments of this study. SPAD-502 measurements were 13.2 and 16.9 SPAD units higher in both the conventional N2 and very excessive N3 treatments, respectively, compared to measurements in the very deficient N1 treatment. This range of SPAD readings is much larger than the diurnal decline of SPAD-502 measurements observed in the current study. Therefore, it is not strictly necessary that measurements with this sensor, in greenhouse-grown sweet pepper, are made at a particular time of the day. However, following a sampling protocol within a restricted time period is recommended to maximize homogeneity of measurement (Padilla et al. 2018c ).
The magnitude of the time of day effect on SPAD-502 measurements in the N1 treatment, in the present study, was notably less than reported in previous studies. The 3.6% decline of SPAD values detected at midday in this study contrasted with the reported decreases of 5-8% in winter wheat (Hoel and Solhaug 1998; Martínez and Guiamet 2004) , 13% in rice (Xiong et al. 2015) , 15% in Oxalis acetosella (Hoel and Solhaug 1998) , 16% in tobacco (Nauš et al. 2010) , and 28% in soybean (Xiong et al. 2015) . The influence of solar irradiance on chlorophyll meter measurements may be a species-specific effect that depends on species adaptation to high irradiance (Mamrutha et al. 2017; Xiong et al. 2015) . The slight irradiance effect in sweet pepper may be due to adaptation of this species to high irradiance. Additionally, solar radiation values in the greenhouse where the study was conducted are typically 20-60% (depending on whitewashing) of external values (Padilla et al. 2014 (Padilla et al. , 2016 . These values are well within the ranges recorded in commercial plastic greenhouses of the area (Castilla 2013; Valera-Martínez et al. 2016 ). Without the greenhouse plastic cover, the relative effect of time of day on SPAD-502 readings may have been higher.
Unlike the very deficient N1 treatment, there was no time of day effect on SPAD-502 values in the conventional N2 and very excessive N3 treatments. A very similar finding was also reported for rice and soybean by Xiong et al. (2015) . These authors reported that there was no significant diurnal variation in SPAD-502 measurements of plants supplemented with N, but that SPAD measurements of plants that did not receive supplemental N were significantly lower at midday. Xiong et al. (2015) suggested that chloroplasts enlarged under high N conditions, occupying almost the entire cell space, which inhibited chloroplast movement at midday. For the sweet pepper crop, in the present study, data are not available of chloroplast size or chloroplast cell coverage. The work by Xiong et al. (2015) and the findings of the present study suggest that the effects of time of day on SPAD readings are related to crop N status.
For the MC-100 meter, CCI values measured at 9:00 and 12:00 h were comparable, and relatively higher values were measured at 15:00 and 18:00 h. These findings are not consistent with the decline of SPAD-502 readings at midday observed in the present study and other studies (Hoel and Solhaug 1998; Martínez and Guiamet, 2004; Nauš et al. 2010; Xiong et al. 2015) . To our knowledge, this is first report of differential response to time of day between two chlorophyll meters, in this case, the SPAD-502 and the MC-100 meters. Previously, Mamrutha et al. (2017) found that response of various chlorophyll meters to solar radiation was equal in six spring wheat genotypes. We cannot explain the difference between the SPAD-502 and the MC-100 meters observed in the present study. Measurements with the two meters were made immediately one after the other, on the same location of the same leaf. In addition, the two sensors measure red and NIR radiation absorbance at very similar wavelengths, i.e. at 650 nm and 940 nm in SPAD-502 meter, and at 653 nm and 931 nm in the MC-100 meter. It is difficult to explain the different results between the two sensors. The major different between them is that the measurement area of the SPAD-502 meter is considerably smaller than that of the MC-100 meter (i.e. 6 versus 64 mm 2 ); however, it is difficult to understand how this would cause the observed differences in measurement.
The increase of CCI values in the afternoon and evening was, on average, 6.2 ± 0.2% relative to CCI values in early morning and midday. In absolute terms, this represented an increase in CCI values of 3.3 ± 0.1 units. This increase can be considered small from a practical point of view, as the range of CCI values measured between the three N treatments of this study was considerably larger. CCI values measured in the conventional N2 and very excessive N3 treatments were 30.0 and 43.9 units higher, respectively, than those measured in the very deficient N1 treatment, and CCI values measured in the very excessive N3 treatment were 14.1 units higher than those measured in the conventional N2 treatment. The difference in measured CCI values between the three N treatments was well above the increase of CCI values in the afternoon and evening. Therefore, given these results, it is not justified that measurements with this sensor, with sweet pepper grown in greenhouse, be made at a particular time of the day. However, as with all optical sensors, a consistent sampling protocol, including the range of measurement times, is recommended to enhance homogeneity of measurement (Padilla et al. 2018c ).
Effect of time of day on canopy reflectance sensors
Values of NDVI, measured both with the GreenSeeker handheld and the Crop Circle ACS-470, and of GNDVI and GVI, measured with the Crop Circle, were not affected statistically by time of day in any of the N treatments of this study. These results support the long-stated assumption that active canopy reflectance sensors can be used under any irradiance conditions without alterations in vegetation indices measured (Solari et al. 2008) . Various previous studies with wheat and cotton have reported that there were not time of day or irradiance effects on canopy reflectance measurements (Fitzgerald 2010; Kipp et al. 2014; Oliveira and Scharf 2014) .
Since both the GreenSeeker handheld and the Crop Circle ACS-470 sensors are active sensors with their own light source, time of day effects on these sensors were expected to occur only if they were able to detect the changes in the distribution of leaf chlorophyll that occurred during the day, as discussed for chlorophyll meters. However, unlike chlorophyll meters that measure a very localized area of a leaf, the area of measurement of these reflectance sensors is much larger and integrates not only leaves but also stems, fruits and air gaps within the crop structure. It is reasonable that sensors that integrate different tissues and air gaps have reduced sensitivity to detect changes in chlorophyll distribution that occur during the day mostly at the leaf level.
There are reports of slight effects of solar irradiance on measurements of active canopy reflectance sensors, particularly the GreenSeeker handheld sensor. Several studies reported effects in turfgrass (Kim et al. 2012) , cotton (Oliveira and Scharf 2014) and soybean cultivars (Teixeira Crusiol et al. 2017) . Although the literature suggests that measurements of the GreenSeeker handheld sensor are more sensitive to changes in solar radiation during the day than active Crop Circle sensors; in the present study, no irradiance effect on Green-Seeker handheld measurements was observed.
In the present study, the behavior of simple ratio vegetation indices, such as RVI and GVI, in relation to time of day effects tended to differ from the normalized vegetation indices measured with the Crop Circle ACS-470, i.e. NDVI and GNDVI. While NDVI and GNDVI were not affected by time of day, GVI was marginally affected and RVI was significantly affected but these effects were contingent on the N treatment. In particular, in the very deficient N1 treatment, RVI values were nearly 5% lower in the evening than those measured in early morning. In the very excessive N3 treatment, RVI values were approximately 5% higher at midday and in the evening compared to early morning. These results are inconclusive since contrary time of day effects were observed in the N1 and N3 treatments. Given that the variation in RVI values during the day was only 5%, it may be that the effects observed in this vegetation index were due to measurement variability. In fact, normalized indices such NDVI and GNDVI, unlike simple ratio indices such as RVI and GVI, enable compensation for effects of non-uniform illumination, i.e. different amounts of incoming light and varying illumination angles (Bannari et al. 1995; Jones and Vaughan 2010) . These are often the underlying factors behind aspect and topography effects in remote sensing (Jones and Vaughan 2010; Mason 2004) . In our study in a greenhouse crop, the uneven distribution, inclination and orientation of foliage in the sweet pepper foliage may have resulted in similar effects to those of topography and aspect that are sometimes observed in remote sensing, leading to larger variability and inconsistent results with RVI.
Conclusions
Overall, this study showed that measurements of the SPAD-502 and MC-100 chlorophyll meters, and vegetation indices measured with the GreenSeeker handheld sensor (i.e. NDVI) and Crop Circle ACS-470 sensor (i.e. NDVI, GNDVI, RVI and GVI), were responsive to N treatments and can be used to differentiate appreciably different N nutrition in sweet pepper.
Time of day, particularly midday and the afternoon, had an effect on relative chlorophyll measurements made with the SPAD-502 meter, but only in the very deficient N1 treatment. This suggested that the effects of time of day on SPAD-502 readings were related to crop N status. Nevertheless, this effect was slight and of little practical relevance for sweet pepper in greenhouse. For the MC-100 meter, a slight increase in CCI values was obtained in measurements made in the afternoon and the evening, compared to early morning measurements, regardless of the N treatment. This time of day effect on the MC-100 meter measurements is small for practical use on farm of this meter with greenhouse-grown sweet pepper.
Values of NDVI, measured both with the GreenSeeker handheld and the Crop Circle ACS-470, and of GNDVI, measured with the Crop Circle, were not affected by time of day in any of the N treatments of this study. These results support the assumption that these two active canopy reflectance sensors can be used under any radiation conditions without alterations in the vegetation indices measured.
